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Abstract Objective Signal transducer and activator of transcription (STAT) proteins regulate key
cellular fate decisions including proliferation and apoptosis. STAT3 overexpression
induces tumor growth in multiple neoplasms. STAT3 is constitutively activated in
chordoma, a tumor with a high recurrence rate despite maximal surgical and radiation
treatment. We hypothesized that a novel small molecule inhibitor of STAT3 (FLLL32)
would induce significant cytotoxicity in sacral and clival chordoma cells.
Methods Sacral (UCh1) and clival (UM-CHOR-1) chordoma cell lines were grown in
culture (the latter derived from primary tumor explants). FLLL32 dosing parameters
were optimized using cell viability assays. Antitumor potential of FLLL32 was assessed
using clonal proliferation assays. Potential mechanisms underlying observed cytotoxici-
ty were examined using immunofluorescence assays.
Results FLLL32 induced significant cytotoxicity in UCh1 and UM-CHOR-1 chordoma
cells, essentially eliminating all viable cells, correlating with observed downregulation in
activated, phosphorylated STAT3 upon administration of FLLL32. Mechanisms underly-
ing the observed cytotoxicity included increased apoptosis and reduced cellular
proliferation through inhibition of mitosis.
Conclusion As a monotherapy, FLLL32 induces potent tumor kill in vitro in chordoma
cell lines derived from skull base and sacrum. This effect is mediated through inhibition
of STAT3 phosphorylation, increased susceptibility to apoptosis, and suppression of cell
proliferation.
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Introduction

Chordomas are rare tumors that account for 1 to 4% of all bone
malignancies. Histologically, these tumors are generally low
grade but demonstrate clinically malignant behavior evidenced
by tissue invasion. Clinically, chordomas are locally aggressive
andhave a high propensity for recurrence, progressing in similar
fashion to other malignant tumors.1 Population-based epidemi-
ologic studies using the Surveillance, Epidemiology, and End
Results database indicate an incidence of 0.08 per 100,000
people, predominantly in adult men, with a peak incidence at
50 to 60 years of age.1–3 A survival analysis of more than 400
cases suggests a median survival of 6.29 years in patients with
chordoma. Survival is approximately 67.6% at 5 years but
declines rapidly to 39.9 and 13.1% at 10 and 20 years, respec-
tively.2 In the subset of patients with a skull base chordoma,
median survival is significantly worse, ranging from 12 to
36 months.4

Chordomas are derived from undifferentiated notochordal
remnants that exist throughout the axial skeleton. Conse-
quently, these tumors can occur at the skull base, in the
mobile spine, and in the sacrum. Incidence at each of these
sites is equally distributed.1 Chordomas occurring at the skull
base are particularly problematic due to the close proximity
to critical bony, vascular, and neural structures. This feature
markedly compromises the ability to achieve complete en
bloc surgical resection, which is the mainstay of primary
tumor treatment. The aim of surgical therapy is maximal
resection in the context of neurological preservation. Failure
to achieve complete resection results in recurrence rates that
are approximately fourfold higher than for cases in which the
ideal en bloc total resection is achieved.5 Difficulty with
accurate assessment of surgical margins further complicates
surgical resection. Indeed, complete en bloc resection is
attainable in less than 50% of skull base chordomas.1 Regard-
less of whether complete resection is accomplished, recur-
rence rates remain significant.

Radiotherapy has long been used as part of the management
strategy for chordomas. The use of conventional radiotherapy as
the primarymodality for treatment has proven to be ineffective,
yielding dismal control rates. Conventional radiation therapy at
doses of 40 to 60 Gy yielded 5-year local control of only 10 to
40%.6–8 The utility of conventional ionizing radiation remains
limited, primarily because chordomas are relatively radioresist-
ant, requiring high doses of radiation approaching 70 Gy, while
residing close to highly radiation-sensitive structures such as the
spinal cord, brain stem, and cranial nerves. This limits the ability
to deliver effective doses without inducing significant toxicity.3

Advances in radiation technology, particularly the use of tar-
geted photons and the introduction of hadron-based therapy
(carbon ions, protons, helium), have allowed local delivery of
very high doses of radiation and have optimized local con-
trol.9–12Adjuvant care currentlyentails proton- orhadron-based
radiotherapy, intensity-modulated radiotherapy, or stereotactic
radiosurgery.

Tumor recurrence rates remain high at 16 to 40% at 10 years,
even in the context of total or near-total excision followed by
adjuvant radiation.13 Skull base chordomas are more likely to

recur than those centered elsewhere in the axial skeleton. In a
meta-analysis of skull base chordomas, the recurrence rate was
68%with an average disease-free interval of 45months (median,
23 months).14 Reoperation for resection is often attempted in
cases of recurrence. However, as expected, this is associatedwith
poorer outcomes,15 emphasizing the importance of aggressive
upfront surgical resection.

Chemotherapeutics have been used in an attempt to
reduce the high recurrence rates associated with chordomas
despite maximal surgery and adjuvant radiotherapy. Unfor-
tunately, chordomas are not susceptible to conventional
chemotherapy.16–19 Molecular and genetic profiling have
been used to identify potential targets for novel therapeutics,
though no consistent oncogenic driver has yet been identified
in chordomagenesis.20,21 These therapeutic agents may
reduce recurrence rates by eliminating the radioresistant
cells that survive surgery and radiotherapy.

Topical or systemic administration of a possible antiprolifer-
ative agent as an adjunct to surgical resection is an attractive
candidate for study provided the toxicity profile is acceptable.
Effective molecular therapies could potentially reduce the inci-
dence of disease recurrence, thereby avoiding morbid and less
successful revision surgery. Two signal transducer and activator
of transcription (STAT)3 inhibitors have demonstrated efficacy
in the treatment of chordoma previously. One such study
demonstrated that CDDO-Me inhibits the expression and acti-
vation of both STAT3 and the oncoprotein Src in vitro.22 Another
study from the same laboratory showed chordoma cytotoxicity
invitrowith the combinationof SD-1029, a STAT3 inhibitor,with
doxorubicin or cisplatin.23 The current study investigates the
effect of FLLL32, a curcumin-based Janus kinase (JAK2)/STAT3
inhibitor,24 on chordoma cells in vitro in terms of efficacy as a
monotherapy.

Methods

Cell Lines
The chordoma cell line UCh1 is of sacral origin and is made
available to researchers through the Chordoma Foundation.
UCh1 was grown on gel-coated flasks in 4:1 IMDM/RPMI +
10% FBS media. The chordoma cell line UM-CHOR-1 is a
primary culture derived from a clival lesion and was devel-
oped in our laboratories at the University of Michigan.
UM-CHOR-1 expresses brachyury and meets all validation
criteria as outlined by the Chordoma Foundation for verifica-
tion of chordoma cell line status. UM-CHOR-1 is adherent to
cell culture flasks and was grown in 4:1 IMDM/RPMI þ 10%
FBS media. Cultured cells were maintained in 90% N2/5% CO2

normoxic conditions at 37°C.

Cell Viability Assay
Resazurin cell viability assayswere performed to establish the
optimal FLLL32 STAT3 inhibitor (courtesy of James R. Fuchs,
PhD) concentration for subsequent assays. UCh1 cells were
plated at a concentration of 2,500 cells per well on gel-coated
48-well plates and allowed to grow for 24 hours. Serial
dilutions of FLLL32 at 10, 5, 2.5, 1.25, 0.6, 0.3, and 0 µM
were used to treat these cells. All assays were performed in
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duplicate. Alamar Blue Cell Proliferation Reagent (Life Tech-
nologies, Grand Island, New York, United States) (30 µL of 10%
reagent) was added to each well, and the cells then incubated
for 1 hour. A plate spectrophotometer was used to detect
fluorescence at 585 nm. The IC50 for FLLL32was subsequently
determined using standard technique. Based on this result,
FLLL32 (5 µM) was used for all experiments.

Resazurin cell viability assays were also performed to
evaluate the cytotoxicity of FLLL32 on chordoma cell lines
in vitro. Cells were plated at a concentration of 2,500 cells per
well on 48-well plates. Cells were then treated with 5 µM
FLLL32 or equal volume of media containing 0.1% dimethyl
sulfoxide (DMSO) vehicle as a control. All assays were per-
formed in triplicate. Then, 30 µL of 10% Alamar Blue was
added to each well, incubated for 1 hour, and fluorescence
was detected at 585 nm.

Clonal Proliferation Assay
Clonal proliferation assays were performed to evaluate the
cytotoxicity of FLLL32 on chordoma cell lines in vitro. Cells
were plated at a concentration of 10,000 cells per well on 48-
well plates and allowed to grow for 3 days. Cells were then
treated with 5 µM FLLL32 or equal volume of media contain-
ing 0.1% DMSO vehicle as a control. All assayswere performed
in triplicate. As described earlier, 30µL of 10% Alamar Blue
was added to each well, incubated for 1 hour, and fluores-
cence was detected at 585 nm.

Western Blot Assay
Cells were lysed in RIPA buffer (Sigma-Aldrich, St. Louis,
Missouri, United States). Protein concentration was estimated
using a BCA Protein Assay kit (Pierce Biotechnology, Rockford,
Illinois, United States). Cell lysates (25–75 µg) were electro-
phoresed on 4 to 12% Bis-Tris polyacrylamide gels (Invitrogen,
Carlsbad, California, United States) and transferred to Immo-
bilon-PSQ polyvinylidene difluoride membranes (Millipore,
Bedford, Massachusetts, United States). Membranes were
blocked with phosphate-buffered saline þ 0.1% Tween-20
(PBS-T) containing 5% skim milk, and then incubated with
primary antibodies overnight at 4°C. The primary antibodies
used for the analysis included 1:500 anti-STAT3 mouse mAb
(Cell Signaling Technology, Danvers, Massachusetts, United
States) and 1:1,000 antiphosphorylated STAT (pSTAT)3
(Y705) rabbit mAb (Abcam, Cambridge, Massachusetts, United
States). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
primary antibodies (6C5; Fitzgerald Industries, Acton, Massa-
chusetts, United States) were used as loading control.

Fluorescence Immunocytochemistry
After treatment with FLLL32 or vehicle control, fluorescence
immunocytochemistry was performed for Ki-67, cleaved
caspase 3 (CC3), and pSTAT3 (Y705) protein expression. Cells
were plated on 24-well plates at a density of 10,000 cells per
well and allowed to grow for 24 hours. Cells were then treated
with either 5 µM FLLL32 or equal volume of media containing
0.1% DMSO vehicle for 4 days. Cells were then washed with
PBS and fixed using 4% paraformaldehyde in PBS at room
temperature for 15 minutes. Cells were permeabilized with

0.1% Triton X-100 detergent (Sigma-Aldrich) in PBS for 30
minutes at room temperature, washed with PBS, and incu-
bated in SuperBlock blocking buffer (Thermo Scientific, Rock-
ford, Illinois, United States) for 1 hour. Primary antibody
incubation was performed overnight for 18 hours at 4°C.
Dilutions in PBS þ 0.1% Triton X-100 were as follows: 1:500
anti-Ki-67 mouse monoclonal antibody (mAb) (DAKO,
Glostrup, Denmark), 1:500 anti-CC3 rabbit mAb (Cell Signal-
ing Technology), 1:500 anti-STAT3mousemAb (Cell Signaling
Technology), 1:500 anti-pSTAT3 (S727) rabbit mAb (Abcam),
and 1:500 anti-pSTAT3 (Y705) rabbit mAb (Abcam). After
washing with PBS, a final 60-minute incubation with a 1:500
dilution of cyanin (Cy) three-conjugated goat antimouse or
Cy2-conjugated goat antirabbit secondary antibodies (Jack-
son Immunoresearch Laboratories,West Grove, Pennsylvania,
United States) diluted in PBSwas performed at room temper-
ature. After washing with PBS, cells were then counterstained
and mounted using 4,6-diamidino-2-phenylindole (DAPI)
(ProLong Gold with DAPI; Invitrogen) and visualized under
fluorescence microscopy. Five high-power fields were photo-
graphed and counted. Quantification of staining was per-
formed in terms of fraction of immunoreactive cells relative
to DAPI-staining cells per high-powered field.

Statistical Methods

Cell viability and clonal proliferation experiments were per-
formed in triplicate and repeated once for each condition.
Western blot and fluorescence immunocytochemistry experi-
ments were repeated twice for each condition for confirmation
of our findings. Descriptive parametric statistics were calculated
using GraphPad Prism software (GraphPad Software, Inc., La
Jolla, California, United States). Two-tailed Student t-tests were
performed to compare means. Statistical significance for these
testswas set at p ¼ 0.05. Graphic representation of the datawas
created using Microsoft Excel software (Microsoft Corporation,
Redmond, Washington, United States).

Results

FLLL32 Monotherapy Induces Cytotoxicity and Inhibits
Proliferation in Chordoma Cells
Cell viability assays using resazurin were performed every 48
hours over the course of 8 days to assess the cytotoxic effect of
FLLL32-induced STAT3 inhibition on UCh1 chordoma cells.
Proliferation assays (►Fig. 1A, B) showed UCh1 and UM-
CHOR-1 growth arrest after approximately 2 days, with a
significantly diminished population of viable cells following
treatment with FLLL32 (p < 0.05). The cell viability of UCh1
treatedwith FLLL32 relative to untreated controls at day8was
16.6%. Cells treated with vehicle control continued to grow
without evidence of inhibition. These findings suggest that
FLLL32-mediated STAT3 inhibition is potently cytotoxic to
chordoma cells.

Clonogenic assays are considered a more accurate method
for evaluating cell viability and proliferation and are superior
to colorimetric assays in this regard.25 As a result, after
confirming the potential efficacy of FLLL32 for inducing
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chordoma cell line cytotoxicity using colorimetric cell viabil-
ity studies, we performed clonal proliferation assays
(►Fig. 1C). UCh1 cell colonies were allowed to proliferate
for 72 hours before the addition of FLLL32. The STAT3 inhibi-
tor induced complete arrest of cell proliferation in UCh1 with
a decline of cell numbers to 2.6% in the treated cells by day 9
(p < 0.01). This extremely low number of viable cells is,
essentially, below the detection threshold of the plate spec-
trophotometer, suggesting complete or near complete eradi-
cation of UCh1 cells by FLLL32.

Clonogenic assays were also performed in the clival chor-
doma UM-CHOR-1 cell line after allowing 72 hours for
establishment of cell growth before treatment with FLLL32

(►Fig. 1D). As with the UCh1 cell line, UM-CHOR-1 cells were
highly susceptible to STAT3 inhibition. Indeed, within 24
hours of initiating treatment with FLLL32 (day 4), no viable
cells could be detected. This effect was sustained for the
remainder of the assay period andwas statistically significant
when compared with untreated controls (p < 0.01).

FLLL32 Inhibits STAT3 Phosphorylation at the Y705
Residue
STAT3 expression in UCh1 and UM-CHOR-1 cells was evalu-
ated by Western blot analysis, with and without FLLL32
treatment (►Fig. 2). There was no appreciable difference in
total STAT3 expression. pSTAT3 is the active form of STAT3

Fig. 1 FLLL32 inhibits cellular proliferation and exhibits cytotoxicity. (A) Resazurin cell viability assays were performed on the UCh1 cell line in
vitro. Cells were plated at a concentration of 2,500 cells per well, then treated with 5 µM FLLL32 or equal volume of 0.1% DMSO vehicle as a control.
Cell viability in FLLL32-treated cells was dramatically reduced, relative to the normal growth pattern exhibited by control cells. Growth arrest was
witnessed after approximately 2 days, with a significantly diminished population of viable cells following treatment with FLLL32 (p < 0.01). (B)
Resazurin cell viability assays were performed on the UM-CHOR-1 cell line in vitro. Cell viability in FLLL32-treated cells was significantly reduced,
relative to the normal growth pattern exhibited by control cells. Growth arrest was witnessed after approximately 2 days, with a significantly
diminished population of viable cells following treatment with FLLL32 (p < 0.05). (C) Clonal proliferation assays were performed to evaluate the
cytotoxicity of FLLL32 on the UCh1 cell line in vitro. Cells were plated at a concentration of 10,000 cells per well and allowed to grow for 72 days.
Cells were then treated with 5 µM FLLL32 or equal volume 0.1% DMSO vehicle as a control. Cytotoxicity was demonstrated after 3 days in FLLL32-
treated cells. Complete arrest of cell proliferation was witnessed in UCh1 cells with a decline of cell numbers to 2.6% in the treated cells by day 9
(p < 0.01). (D) Clonal proliferation assays were performed to evaluate the cytotoxicity of FLLL32 on the UM-CHOR-1 cell line in vitro. Though not
immediate, cytotoxicity was demonstrated after 2 days in FLLL32-treated cells. Within 24 hours of initiating treatment with FLLL32 (day 4), no
viable cells could be detected. This effect was sustained for the remainder of the assay period and was statistically significant when compared with
untreated controls (p < 0.01). DMSO, dimethyl sulfoxide.
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protein. FLLL32 is thought to inhibit STAT3 phosphorylation
at the critical Y705 residue [pSTAT3(Y)]. In contrast to total
STAT3 expression, there was a marked decrease in pSTAT3(Y)
expression with FLLL32 treatment compared with control, as
detected by Western blot analysis.

Fluorescence immunocytochemistry was performed
using a pSTAT3 antibody specific for the S727 residue
[pSTAT3(S)]. No difference in STAT3 (►Fig. 3A) or pSTAT3
(S) (►Fig. 3B) staining was noted between FLLL32-treated
and control UM-CHOR-1 cells, while pSTAT3(Y) staining was
notably less with FLLL32 treatment (►Fig. 3C). Accordingly,
expression of pSTAT3(Y) was significantly reduced with
FLLL32 treatment in UCh1 (►Fig. 4A) and UM-CHOR-1
(►Fig. 5A) chordoma cell lines (p < 0.05).

Fig. 3 FLLL32 inhibits STAT3 phosphorylation at the Y705 residue. (A) STAT3 immunofluorescence staining was performed on UM-CHOR-1 cells treated
with FLLL32 or with equal volume 0.1% DMSO vehicle as a control. Of cells treated with FLLL32, 60.8% exhibited positive staining, compared with 68.7% of
control-treated cells, showing no significant difference in total STAT3 expression. (B) Staining for pSTAT3(S) residue was not significantly different between
FLLL32-treated (30.4%) and control-treated (36.6%) UM-CHOR-1 cells. (C) Staining for pSTAT3(Y), however, showed a significant reduction with FLLL32
treatment (16.1%), relative to control-treated (62.7%) UM-CHOR-1 cells (p < 0.05). (�Statistically significant.) DMSO, dimethyl sulfoxide; pSTAT,
phosphorylated signal transducer and activator of transcription; STAT, signal transducer and activator of transcription.

Fig. 2 FLLL32 inhibits pSTAT3(Y) but not STAT3 expression. Western
blot analysis demonstrates a relative paucity of pSTAT3(Y) expression
in FLLL32-treated cells, using both the UCh1 and UM-CHOR-1 cell lines,
when compared with control cells. Total STAT3 expression, however,
did not change with FLLL32 treatment. GAPDH was used as loading
control. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; pSTAT,
phosphorylated signal transducer and activator of transcription; STAT,
signal transducer and activator of transcription.
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FLLL32 Treatment Results in Reduced Cellular
Proliferation and Increased Apoptosis
Fluorescence immunocytochemistry was performed to quantify
the effects of FLLL32 treatment on UCh1 (►Fig. 4) and UM-
CHOR-1 (►Fig. 5) cells invitro. AntigenKi-67 is a nuclear protein
and a marker associated exclusively with cellular proliferation.
Ki-67 is closely associatedwith the G1, S, G2, andmitosis phases
of the cell cycle. FLLL32 treatment induced a significant reduc-
tion in Ki-67 immunofluorescence relative to untreated controls
in both UCh1 (►Fig. 4B) and UM-CHOR-1 (►Fig. 5B) cell lines

(p < 0.05). This result correlatedwith the observed reduction in
cell proliferation demonstrated in clonogenic assays.

The cysteine-aspartic acid protease family proteins are
activated sequentially in the initiation and execution of apo-
ptosis. CC3 is a key component of the apoptotic cascade, and
levels of this protein correlate with the degree of apoptosis.
CC3 immunofluorescence was significantly increased with
FLLL32 treatment in both UCh1 (►Fig. 4C) and UM-CHOR-1
(►Fig. 5C) cell lines relative to untreated controls (p < 0.05).
This suggests that apoptosis is a contributingmechanism to the

Fig. 4 FLLL32 inhibition of pSTAT3 (Y705) results in reduced cellular proliferation and increased apoptosis in UCh1 cells. (A) Immunoflu-
orescence staining was performed on UCh1 cells treated with FLLL32 or with equal volume 0.1% DMSO vehicle as a control. Of cells treated
with FLLL32, 10.0% exhibited positive staining, compared with 93.8% of control-treated cells; as such, a significant reduction in pSTAT3(Y)
expression was seen in the FLLL32-treated cells (p < 0.05). (�Statistically significant.) (B) Ki-67 staining was significantly higher in control-
treated UCh1 cells (46.0%) relative to FLLL32-treated cells (6.7%), indicating decreased proliferative activity with FLLL32 treatment
(p < 0.05). (C) CC3 staining was significantly higher in FLLL32-treated UCh1 cells (77.1%) relative to control-treated cells (21.1%), indicating
increased apoptosis induced by FLLL32 treatment (p < 0.05). DMSO, dimethyl sulfoxide; pSTAT, phosphorylated signal transducer and
activator of transcription.
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reduction in cellular proliferation seen on clonogenic assays
following treatment of chordoma cell lines with FLLL32.

Discussion

The current clinical paradigm for the management of chor-
domas consists of aggressive surgical resection followed by
adjuvant radiotherapy. The totality of surgical resection is
often limited by the need to limit neurovascular morbidity.
Consequently, macroscopic or microscopic disease often per-
sists beyond the initial surgical resection. Although newer
adjuvant radiotherapy modalities, particularly hadron-based
therapy, have shown efficacy in reducing recurrence rates, the

persistence of radio-resistant chordoma cells in the radiated
wound bed have resulted in high recurrence rates associated
with this tumor, particularly at the skull base.13,14

Research efforts in recent years have focused on characteriz-
ing themolecular profile of chordomawith a view to identifying
drug targets. Molecular signaling pathways involved in the
pathogenesis of chordoma include the platelet-derived growth
factor receptor (PDGFR) tyrosine kinase pathway. This pathway
is mediated by PI3K/AKT and mTORC1, transforming growth
factor α, and basic fibroblast growth factor.3 Molecular profiling
has demonstrated a high proportion of tumors with overex-
pression of PDGFR and kinase tyrosine (KIT).26 Imatinib, a
tyrosine-kinase inhibitor specific for PDGFR and KIT, has been

Fig. 5 FLLL32 inhibition of pSTAT3 (Y705) results in reduced cellular proliferation and increased apoptosis in UM-CHOR-1 cells. (A) Immunofluorescence
staining was performed on UM-CHOR-1 cells treated with FLLL32 or with equal volume 0.1% DMSO vehicle as a control. Of cells treated with FLLL32, 16.1%
exhibited positive staining compared with 62.7% in control-treated cells, showing a significant reduction in pSTAT3(Y) expression in the FLLL32-treated cells
(p < 0.05). (�Statistically significant.) (B) Ki-67 staining was significantly higher in control-treated UM-CHOR-1 cells (57.1%) relative to FLLL32-treated cells
(13.3%), indicating decreased proliferative activity with FLLL32 treatment (p < 0.05). (C) CC3 was significantly higher in FLLL32-treated UM-CHOR-1 cells
(87.9%) relative to control-treated cells (22.2%), indicating increased apoptosis induced by FLLL32 treatment (p < 0.05). CC3, cleaved caspase 3; DMSO,
dimethyl sulfoxide; pSTAT, phosphorylated signal transducer and activator of transcription.
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tested against chordoma in a sizeable number of patients,
including in a phase II clinical trial.27,28 Enrolled patients had
advanced disease and demonstrated nondimensional tissue
responses with hypodensity and decreased contrast uptake on
computed tomography. Liquefaction of tumor was reported in
some patients with symptom improvement. However, the ob-
jective complete response rate was only 2%, a single patient out
of the cohort of 50. A further nine patients achieved a minor
response of less than 30% diameter decrease. Disease stabiliza-
tion was achieved in 72% of cases. Median progression-free
survival was 9 months with a median overall survival of
34 months in this advanced-disease population.27

Other molecular targets include components of the epi-
dermal growth factor receptor (EGFR) pathway including
PI3K, AKT, TSC, and mTOR. EGFR upregulation has been
demonstrated in approximately 70% of chordomas, likely
contributing to nuclear instability and cell proliferation.4,29,30

EGFR inhibitors have not been used in formal clinical trials,
and suggestions of efficacy are based on responses from only a
handful of patients. Rapamycin, an mTOR inhibitor, has been
postulated as a potential therapy as up to 65% of chordomas
might be susceptible to inhibition of mTOR.31 The identifica-
tion of the transcription factor, brachyury, as a constant
molecular marker for chordoma has introduced an exciting
new avenue by which chordoma might be approached.32,33

The modest efficacy of the aforementioned small molecule
inhibitors indicates a need to identify molecular targets that are
perhaps more critical to tumor progression. STAT proteins are
key cytoplasmic transcription factors. The role of STAT proteins
in critical cell fate decisions such as cell growth, differentiation,
and apoptosis, aswell asmetastasis and immune evasion,makes
them attractive targets for antitumor therapy (►Fig. 6).34 Con-

stitutive activation of STAT3 has been reported in a large variety
of human neoplasms including lung, breast, colon, pancreas,
brain, head and neck, renal, prostate, skin, and hematogenous
cancers.35–39 STAT proteins contain multiple domains including
aDNA-binding site, Srchomology-2 (SH2)domains, anda critical
tyrosine residue (Y705) situated in the C-terminal domain.34

Cytokine and growth factors induce receptor dimerization and
transphosphorylation by binding to cell surface receptors. STAT
proteins are then recruited to the activated cell surface receptors
via their SH2 domain and are, in turn, activated through
phosphorylation of the critical Y705 residue by upstream kin-
ases.35 Thekey STAT-activating phosphorylation step can also be
initiated by the JAK family of cytoplasmic tyrosine kinases.
Transmembrane growth factor receptors, such as the EGFR,
harbor intrinsic tyrosine kinase activity are able to phosphory-
late STAT independently. Once activated, STAT monomers are
able todimerize through their SH2domains in aprocess initiated
and stabilized by the key Y705 residue. The activated STAT
dimers translocate to the nucleus and bind to specific DNA-
response elements in target genes to modulate cell growth,
survival, differentiation, metastasis, and immune evasion.34,40

STAT3 can also be phosphorylated at serine 727 (S727) by
members of the mitogen-activated protein kinases and c-Jun
N-terminal kinase families.41 While phosphorylated Y705 is
generally believed to be essential for STAT3 transcriptional
activity, the function of phosphorylated S727 remains con-
troversial, having been reported to cause both down- and
upregulatory effects on STAT3 transcriptional activity,42 and
in regulating the homeostasis of embryonic stem cells.43 Our
pSTAT3(S) staining experiment demonstrates that FLLL32
affects STAT3 phosphorylation only at the Y705 residue.

Recently, an analysis of 70 chordoma samples derived from
different patients indicated that STAT3 was constitutively
activated in all samples.23 The level of pSTAT3 directly
correlated with disease recurrence, metastasis, and survival.
Inhibition of STAT3 decreased chordoma cell proliferation in
vitro in three derivative cell lines, and this effect was ampli-
fied when the inhibitor was used with conventional chemo-
therapeutics.23 These results suggest that STAT3 may drive
both tumor growth and metastatic potential in chordoma. In
both of the UM-CHOR-1 and UCh1 cell lines examined in the
current study, there was evidence of STAT3 activation with
phosphorylation on the Y705 residue. These cell lines should
be useful in examining the effect of STAT3 activation in
chordomas.

FLLL32 is a small molecule STAT3 pathway inhibitor de-
rived from curcumin, a naturally occurring phenol found in
the spice, turmeric.36 FLLL32 selectively targets JAK2-medi-
ated activation of STAT3 by blocking the Y705 residue. This
novel therapeutic also has a downstream effect on STAT3
itself, blockading the SH2 dimerization site, thereby prevent-
ing assembly of STAT3 monomers into a functional dimer.44

This prevents STAT3-mediated upregulation of downstream
apoptosis inhibitors,45 cell cycle activators,46 and proangio-
genic factors.47 This molecular pathway is particularly attrac-
tive as a therapeutic target because it lies at the convergence
of multiple extracellular signaling pathways involved in cell
survival.48

Fig. 6 STAT3 activation is associated with cellular proliferation, inhibition
of apoptosis, cell migration, and immune modulation. Cytoplasmic STAT3
monomers dimerize when phosphorylated at the tyrosine 705 (Y705)
residue by Janus kinases associated with cytokine receptors, and then
translocate to the nucleus, where the homodimers activate target gene
transcription. STAT, signal transducer and activator of transcription.
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The previously studied STAT3 inhibitor CDDO-Me is theo-
rized to bind directly to STAT3 by amechanism dependent on
the alkylation of Cys259, thus inhibiting the formation of
STAT3 dimers.22 In contrast, SD-1029 inhibits tyrosyl phos-
phorylation of STAT3 and the JAK2 isoenzyme.49 It is unclear
whether these STAT3 inhibitors function similarly, though
expression of STAT3 and pSTAT3, as well as the antiapoptotic
proteins Bcl-xL and MCL-1, were inhibited after CDDO-Me
and SD-1029 treatment. In addition, poly (adenosine diphos-
phate ribose) polymerase cleavage, an apoptosis-associated
biochemical event, was detected after treatment with both
CDDO-Me and SD-1029.

In this study, a validated sacral chordoma cell line and a
novel clival chordoma cell line were used to demonstrate
the efficacy of FLLL32 as a cytotoxic agent. FLLL32 was
capable of inhibiting STAT3 phosphorylation on the Y705
residue in both cell lines. Functional assays, including gold
standard clonogenic studies, demonstrated a clear anti-
proliferative effect. This effect was so pronounced that both
sacral (UCh1) and clival (UM-CHOR-1) cells were elimi-
nated within days of initiating treatment. Additional
immunofluorescence studies provided a preliminary eval-
uation of the mechanisms underlying the cytotoxic effect of
FLLL32, which appear to include activation of caspase-3-
mediated apoptosis, and suppression of cell mitosis and
proliferation.

The need for effective adjuvant chemotherapy in the
management of chordoma is undisputed as the rate of
recurrence remains high despite advances in surgery
through the advent of endoscopic endonasal approaches
and in radiation with the introduction of hadron-based
therapies. The results of our study indicate that, given an
acceptable toxicity profile, further study of FLLL32 in the
treatment of chordoma is warranted. An in vivo flankmodel
of chordoma has been introduced32 and will be used to test
FLLL32 both topically and systemically. Of particular inter-
est is the development of topical delivery strategies for
FLLL32. As chordoma recurs focally at sites of persistent
nests of neoplastic cells, the topical administration of a
STAT3 inhibitor into the surgical resection bed could po-
tentially reduce the risk of local recurrence, meriting
further investigation.

Conclusion

FLLL32 is an effective antitumor agent against UCh1 sacral
and UM-CHOR-1 clival chordoma in vitro. In vivo studies
using a murine flank model are indicated for further study.
This STAT3 inhibitor may prove to be a viable adjuvant
treatment option against chordoma.
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